INTRODUCTION
Candida albicans is a dimorphic fungus of increasing medical importance; it is an opportunistic pathogen that can cause serious infections in humans, particularly in immunocompromised patients. The factors responsible for its virulence are still not well understood, but several factors related to the cell wall are thought to be involved. These factors are proteins that are responsible for cell wall formation or are localized on the cell surface of the pathogen. Thus, the cell surface is likely to play an important role in the cell-to-cell interaction involved in the invasive action, when the cell wall of C. albicans initially contacts a host cell.
Chitin biosynthesis in Saccharomyces cerevisiae is a complex morphogenetic process controlled by several genes (Bulawa, 1993) , whose functions have been extensively studied by gene disruption analysis. CHSZ (Bulawa et al., 1986) is the structural gene for chitin Abbreviation : GPI, glycosyl phosphatidylinositol.
The GenBank accession number for the sequence reported in this paper is AB003310.
synthase I (Chslp), which is involved in repair function at the time of cytokinesis . CHS2 (Silverman et at., 1988) encodes chitin synthase 2 (Chs2p), which is responsible for primary septum formation between mother and daughter cells (Shaw et al., 2991) . CHS3 (Valdivieso et al., 1991 ; Bulawa, 1992) , formerly CALZ /CSD2, is the structural gene of chitin synthase 3 (Chs3p), which synthesizes lateral chitin in the cell wall (Shaw et al., 1991) . CHS4 has recently been identified as being allelic to S K T S and CSD4 (Trilla et al., 1997) . CHS4, which has also been named S K T S / CAL2, encodes Chs4p, a protein implicated in S. cerevisiae cell wall chitin synthesis, and it seems to act as a post-translational regulator of the Chs3p complex (Bulawa, 1993) . It has been demonstrated that S. cerevisiae Chs3p and Chs4p interact directly (DeMarini et al., 1997) . In addition, CHSS (Santos & Snyder, 1997; Santos et al., 1997) and CHS6 (Ziman et al., 1998) encode regulatory proteins responsible for ChsS activity. They probably act as carrier proteins to move Chs3p to its final destination toward the cytoplasmic membrane. Several mutants that confer a Calcofluor-white-resistant (Cal-R) phenotype were isolated by Roncero et al. (1988) . Some of the mutants turned out to be the same as 0002-3005 0 1999 SGM Bulawa's csd mutants, namely chitin synthesis defective (Bulawa, 1992) and the consequently low content of chitin in these mutants was assumed to cause their Cal-R phenotype. Interestingly, in addition to the chs3 (call) mutation, a chs4 mutation was also included in the Cal-R mu tan t collections .
As in S . cerevisiae, three chitin synthase genes have been cloned in C. albicans (Au-Young & Robbins, 1990; Chen-Wu et al., 1992; Sudoh et al., 1993 Sudoh et al., , 1995 .
Although the enzymic activities of CaChsl and CaChs2 have been characterized, the activity of CaChs3 is not known. Previously, we cloned the C. albicans CHS3 gene and reported that the hyphal transition of C. albicans induced expression of the gene (Sudoh et al., 1993) . Recently, Munro et al. (1998) reported that CHS gene expression is regulated differently during yeasthyphae transitions. Nevertheless, chs3-disrupted C. albicans still grew hyphae, and expression of the gene did not influence the morphological transition of C. albicans. In contrast, chs3 disruption significantly affected the virulence of C. albicans in mouse infection models (Bulawa et al., 1995) . Although Mio et nl. (1996) carried out the same experiment, they observed only small differences in virulence. These differences in the virulence of C. albicans chs3 mutants may be due to differences in URA3 expression in the C. albicans background (Lay et al., 1998) . To study C. albicans ChsS activity with respect to the Chs4p activator, we cloned the CHS4 gene from a C. albicans genomic library. In this work, we show that CaCHS4 is a counterpart of S. cerevisiae CHS4 and, likewise, contributes to chitin synthesis in C. albicans. We also demonstrate that ScChs3 activity is enhanced by expression of Chs4p derived from both S. cerevisiae and C. a1 6 icans .
METHODS
Strains and growth conditions. Yeast strains used in this work are listed in Table 1 . Yeast cells were grown in YPD (1 '/o yeast extract, 2% peptone, 2 % glucose) or YND ( 0 7 % yeast nitrogen base without amino acids, 2% glucose) media with appropriate supplements. Escherichia coli J M 109 was used for transformation and plasmid preparation. Resistance to Calcofluor white (Sigma F-6259) was assayed in YND solid medium supplemented with a drug concentration of 2 mg ml-'. Septa1 enlargement produced by incubation with Calcofluor white (100 pg ml-l) was observed. The cells were examined with a Nikon microscope equipped with epiillumination and a 100 W mercury lamp .
The fluorescence was observed with an excitation filter at 365 nm. Stains WO-1 (Slutsky at a!., 1987), CBS.5736 (Uden & Buckley, 1970) , 1006 (Goshorn et al., 1989) , 1161 (a derivative of 1006), SC5314 (Gillum et al., 1984) and CAI4 (Fonzi & Irwin, 1993) were used for analysis of chromosomal location.
Strategy for isolation of CHS4 (SKTS) and truncated constructions of CHSU To obtain a functional gene, we carried out PCR (30 cycles, 55 "C annealing for 30 s and 72 "C extension for 2 min) using specific oligonucleotides (Table 2) and chromosomal DNA obtained from S. cerevisiae YPH499 or C . albicans IF01060. T o construct expression plasmids for pCaCHS4 and pScCHS4, each gene was amplified by PCR using oligonucleotides CA4HID and CA4ECO or SKTSBAM and SKTSXBA, respectively. To yield pCaCHS4 the PCR product was digested with Hind111 and EcoRI and cloned into pYES2 (Invitrogen) digested with the same enzymes. This placed CaCHS4 under the control of the ScGALl promoter. T o generate pScCHS4, the PCR product and pYES2 were digested with BamHI and XbaI and ligated. For deletion analysis, a similar strategy was applied using appropriate primers (Table 2 ) and an original clone (plasmid #14) as a template. To construct pD331, pD331YVIM, pD331C1, pD331C2 and pD331C3, oligonucleotide CA4HID was used as 5' primer and oligonucleotides CA4D331, CA4C/Y, CA4C-1, CA4C-2 and CA4C-3 as 3' primer, respectively. T o generate pK391Cl and pE421C1, oligonucleotide CA4C-1 was used as 3' primer and oligonucleotides CA4K391 and CA4E421 as 5' primer, respectively.
Construction of the Achs4 null mutants. The S. cerevisiae CHS4 ( S K T S ) gene was amplified by PCR using oligonucleotides, SKT3XBA and SKTSBAM (Table 2) , and chromosomal D N A of S. cerevisiae YPH499. A band of the expected size was purified from an agarose gel and cloned into the pUC118 vector to make pUC118/CHS4. The insert was Mio et al. (1996) This study This study gene from S. cerevisiae. The resulting plasmid (pUC118-chs4 : : ADE2) and the above oligonucleotides were used to produce a chs4: : ADE2 fragment by PCR. The fragment was introduced into strain YPH499 by electroporation (Becker & Guarente, 1990) . Correct insertion of the fragment in Ade+ transformants was confirmed by PCR with oligonucleotides SKT3XBA and SKTSBAM. All transformants bearing the null -80 OC until used. The protein concentration was measured with the DC protein assay kit (Bio-Rad). The assay of chitin synthase 3 was carried out in 100 11 30 mM Tris/HCl pH 7.5, 0.5 mM MnCI,, 32 mM N-acetylglucosarnine (GlcNAc) and 01 mM UDP-[3H]GlcNAc [specific activity 34.8 Ci mmol-' (1.29 TBq mmol-l) ; NEN Life Science Products] without trypsin activation at 30°C. Reactions were stopped by the addition of 0.5 ml cold 10 % trichloroacetic acid. The insoluble material was collected by filtration on a multiscreen plate (Millipore) and its radioactivity measured. Data are means of duplicate determinations. mutation were resistant to 2 mg Calcofluor white ml-'. To obtain a C. albicans chs4 disruptant, a fragment from 280 bp were amplified by PCR with the respective oligonucleotide pairs SKTN0T15/SKTSAL13 and SKTSAL25~SKTSSE23 and inserted into pCRII (Invitrogen) to yield pCRII-CA4NC.
The
Of the method was that Of Fonzi l k and a large fragment was isolated from a gel. The hisG : : URA3 : : hisG cassette was isolated after digestion of Determination of cell wall chitin content. Chitin content was measured by the modified Boas method (Boas, 1953) . Cultures 30 "C and 1-2 x lo7 cells were freeze-dried. The amount of GlcNAc was determined by the Morgan-Elson reaction, a colorimetric assay for N-acetyl-2-amino sugars (Wheat, 1966) . The procedure was performed as described previously (Mi0 et for 1 h at 37 "C prior to HC1 treatment. al., 1996) except that the cells were treated with 5 M NaOH et al., 1996) with SalI and HpaI and ligated to the larger fragment of pCRII-CA4NC to yield pCRII-CA4hisG. Finally, this plasmid was digested with Not1 and Sse83871 and the isolated fragment was used for gene disruption of C. albicans CAI4.
Assay of chitin synthase 3. When the ScGALZ promoter was to be induced, cells were cultured in 5 ml YND medium for 2 d. The culture was inoculated into 100 ml YND medium and further incubated overnight at 30 "C. The cells were collected by centrifugation, washed with YNGal medium, resuspended in 100 ml YNGal medium and cultured overnight. Cells were washed with Tris-buffered saline (TBS) containing Complete proteinase inhibitor cocktail tablets (Boehringer Mannheim), and disrupted with a Braun homogenizer and glass beads (0.5 mm diameter). Cell debris was removed by low-speed centrifugation (3000 8 ) . The supernatant fraction was then sedimented at 100000 g for 1 h at 4 "C, and washed once with TBS. The ultracentrifugation was repeated and then the pellet was resuspended in TBS containing 33 '/o (v/v) glycerol. The membrane fractions were diluted to 10 mg ml-l and stored at Southern blot analysis. Total DNA of C. albicans was extracted as described previously (Sudoh et al., 1993) . DNA was separated by electrophoresis on an agarose gel and transferred onto Hybond-N (Amersham). Hybridization to a [32P]dCTF' (Amenham)-labelled random-primed probe was done with a rapid hybridization buffer (Amersham) at 56 "C (low-stringency conditions) or at 65 "C (high-stringency conditions),
Chromosomal location of CH54. DNA preparation for pulsedfield gels was essentially as described by Chu et al. (1993) . Separation of chromosome DNA was carried out on a BioRad CHEF DRIII instrument. T o separate chromosomes, the following conditions were used : 0.7 '/o Agarose I11 (AMRESCO), 40-300 s, 4.5 V cm-', 120°, 24 h; 720-900 s, 2.0 V cm-l, 1 0 4 O , 24 h in 0*5°/~ TBE. Preparation of DNA probes for labelling was by the method of Heery et al. (1990) .
The DNA was labelled with [32P]dATP as described by Feinberg & Vogelstein (1983) . A 2 kb CHS4 DNA fragment separated with EcoRI and Hind111 from pCaCHS4 was used as a probe. albicans (b) strains with the indicated mutations on Calcofluor white (2 mg ml-l) medium.
M. S U D O H a n d O T H E R S
-
Chromosomal location of CaCHS4
The chromosomes of C. albicans strains WO-1, CBS5736,1006, 1161, SC53.14 and CAI4 were separated by a contour-clamped homogeneous electric field system. They were probed under conditions of high stringency with a 2 kb EcoRI-Hind111 fragment of C. albicans CHS4; as shown in Fig. 2 the probe DNA hybridized to the 1.9 Mb chromosome 3 (based on the designations by Chu et al., 1993) in all six strains.
CaCHSQ complements a 5. cerevisiae chs4 mutation
We carried out genetic complementation to find out whether the function of CaChs4p is similar to that of ScChs4p. For this purpose we produced a C. albicans chs4 deficient mutant. For the disruption, an internal 1 kb portion of CaCHS4 was replaced with the hisG : : URA3 : : hisG cassette for integration by homologous recombination. Both alleles of the CaCHS4 gene were disrupted by two rounds of 'UW-blaster' integration with the same plasmid (Fig. Sa) , and the disruption was confirmed by Southern analysis (Fig. 3b) , demonstrating that CaCHS4 is not an essential gene for C. albicans growth. We further analysed the phenotype of the chs4 mutant. As expected from the results with S. cerevisiae, and as shown in Fig. 4(b) , the C. albicans chs4 null mutant showed a Cal-R phenotype similar to that of the C. albicans chs3 mutant (Mi0 et al., 1996) . This strongly suggested that the combined functions of CaChs3p and CaChs4p would contribute to cell wall chitin synthesis in C . albicans.
To address whether CaCHS4 complements a S. cerevisiae rhs4 mutation, we constructed plasmid pCaCHS4, in which CaCNS4 was placed under the regulation of the ScGALZ promoter on pYES2, and the resultant plasmid was transfected into the chs4 mutant, S. cerevisiae YMS1. Since, similar to the S. cerevisiae chs3 strain, the chs4-deficient mutant was resistant to Calcofluor white (Fig. 4a) cells were incubated in a galactose medium containing Calcofluor white, the cells containing empty vector were able to grow because of their lowered chitin content, whereas transformed cells possessing pCaCHS4 or pScCHS4 did not grow (Fig. 5 ) . This demonstrated that the CaCHS4 gene rescued the S. cereuisiae chs4 mutation, The Chs4p of S. cereuisiue and C. albicans showed high homology in the C-terminal half of the protein (Fig. 1) . To identify the essential part of CaChsqp, we constructed deletion mutants (Fig. 5 ) . The truncated gene was subcloned into pYES2 to analyse the complementation of the S. cerevisiae chs4 mutation. As the CaChs4p C-terminus is highly homologous to the Cterminal region of ScChs4p, we examined the C-terminal functions of both proteins. Regions of the gene encoding the N-and C-termini of CaChs4p were sequentially deleted by PCR using specific oligonucleotides ( Table 2 ) .
The resulting fragments were subcloned into the pYES2 vector and transformed into S. cerevisiue YMSl to analyse chs4 complementation. The complementation was measured by testing sensitivity to Calcofluor white. The N-terminal 390 amino acids were dispensable for CaChs4p function. This was true even when Cys684 in the prenylation signal Cys-Val-Ile-Met was changed to Tyr in pD331YVIM or when the signal was completely deleted as in pK39lC1: the cells transformed with those constructs showed Calcofluor white sensitivity, indicating that the C-terminal 26 amino acids were not essential for Chs4p function. Therefore, the functional part of Chs4p exists in the C-terminal 271 amino acids (Fig. 5) .
Expression of Chs4p affects chitin synthase 3 activity
It is known that mutation of CHS3 in S. cereuisiae and C. albicans leads to a Cal-R phenotype. The mechanism of the resistance seems to be a decreased chitin content of the cell wall, and Calcofluor white does not show any affinity to these cells. S. cerevisiue Chs4p is thought to be an activator or regulatory factor of chitin synthase 3 activity (Bulawa, 1993)-The S. cereuisiue chs4-deficient mutant, YMS1, in which the CHS4 gene was disrupted by ADE2 , also showed a Cal-R phenotype (Fig. 4a) .
Since it is known that csd mutants in S. cerevisiae have a diminished chitin content (Bulawa, 1992) , we examined the amount of chitin in the C. albicans chs3 and chs4 mutants. We colorirnetrically quantified GlcNAc in chitin from yeast cells of C. albicans chs mutants and found that the chitin content of both chs3 and chs4 mutants (percentage of dry weight 0-10 0.01 and 0.08 & 0.01, respectively; means k SD, n = 3) was less than 10 Yo of that in the wild-type (1.17 k 0-05 */*).
This result demonstrated that the chs3 and c h 4 mutations caused a decrease in the content of chitin in the cell wall and indicated that not only CaChs3p but also CaChs4 plays a significant role in chitin biosynthesis.
The role of CaChs4p in chitin synthesis was investigated. ScChsSp is known to be the catalytic subunit for ScChs3 activity and ScChs4p is thought to be a regulatory
Morphological analysis of chs mutants
We previously reported that the transcript of the CHSS gene was induced when C. albicans formed hyphae (Sudoh et al., 1993) . Nevertheless, chs3-deficient C. albicans still produced hyphae (Bulawa et al., 1995; Mio et al., 1996) , and therefore expression of the CHSS gene did not determine the morphology. To examine the morphological transition in the chs4 mutant, we tested the C. albicans chs4 mutant in the RPMI 1640 medium that was used for the morphological analysis of S. cereuisiae chs mutants. Similar to the wild-type strain, the chs3 and chs4 mutants actually generated hyphae, demonstrating that chitin content has no effect on morphological transition. In addition, when Calcofluor white was added to the culture medium, enhanced staining was observed only in the wild-type cells, with much less stain appearing in these mutants (Fig. 6) . This result was in agreement with the findings on chitin content. Septa in hyphae stained clearly in all preparations. Thus, Chs3p and Chs4p are not required for septum chitin synthesis. Interestingly, the apical tips of hyphae in the wild-type strain were extensively stained ( Fig. 6a ), but this was not the case in the mutants, indicating that expression of CHS3 and CHS4 may also contribute to apical chitin synthesis. albicans cells after disruptions of CHS3 and CHS4. Cells of the parental strain CAI4 (a) and the mutants CTM53 (b) and CKT122 (c) were stained with Calcofluor white. Note that staining of cells of CAI4 is greater than that of the chs3 and chs4 mutants, and the tip of a CAI4 hypha is heavily stained. Bar, 10 pm.
factor. To clarify this, the effect of CaCHS4 expression on CaChs3 activity was examined. ScGALl -regulated CaCHS4 plasmids were constructed and transfected into S. cerevisiae YMS120 and ECY36-3C, which are deficient in both CHSI and CHS2 genes, in order to abolish intrinsic chitin synthase activities. The transformant cells were cultured in galactose-containing medium to induce CHS4 expression, and ChsS activity of microsomal fractions was measured. The endogenous Chs3 activity of the transformant cells was dramatically enhanced, by 7 -and 38-fold with ScChs4p and CaChs4p, respectively (Table 3) . These results demonstrated that Chs4p positively activated Chs3 activity in vivo ; interestingly, enhancement of the activity by CaChs4p was greater than that by ScChs4p.
DISCUSSION
Chitin is synthesized inside the cytoplasmic surface of plasma membranes, and is then extruded and deposited on the outer surface of the cell wall as microfibrils, which subsequently congregate to form crystalline structures in combination with glucan complex (Kollar et al., 1995) . It is still not known, however, how chitin is built into the cell wall. Although the majority of cell wall chitin is produced by Chs3 activity, Bulawa (1993) predicted a Chs4p function that is responsible for Chs3p post-translational activation together with ChsSp and Chs6p in S. cereuisiae; we attempted to isolate a ScCHS4 counterpart from C. albicans.
To isolate the CaCHS4 gene, S. cerevisiae CHS4 was used as a DNA probe. Although the cloned CaCHS4 encoded 687 amino acids, no homology was observed to the chitin synthase catalytic subunits, Chslp, Chs2p and Chs3p. A comparison of the deduced amino acid sequences of C . albicans and S. cerevisiae Chs4p showed relatively high homology that was, interestingly, biased to the C-terminal region. Both proteins had a prenylation signal sequence (Cys-Xaa-Xaa-Met) at the end of the C-terminus. In S. cereuisiue, however, a motif of the prenylation signal altered by site-directed mutagenesis was able to complement the chs4 mutation Chs3p encodes a catalytic domain of chitin synthase and is responsible for most chitin synthesis. Chs4p also seems to play a significant role in chitin synthesis in uiuo as an activator of ChsSp. These results indicate that cell wall chitin synthesis is controlled by cooperation of Chs3p and Chs4p. DeMarini et al. (1997) described that normal localization of chitin at the mother-bud neck is achieved by assembly of a complex in which Chs3p is linked to the septins via Chs4p and Bni4p, and demonstrated that two-hybrid constructs revealed the direct interaction between Chs3p and Chs4p in S. cereuisiae. They indicated that the N-terminal 700 amino acid portion of Chs3p interacts with Chs4p. We previously demonstrated that a motif located in the Conl region of ChQp, a highly conserved domain of chitin synthase genes, is required for chitin synthase 2 activity . This motif is conserved in several glycosyltransferases . Since the Conl region of ChsSp is downstream of the sequence that interacts with Chs4p in S. cereuisiae, the catalytic domain of Chs3p may not participate in this interaction.
An understanding of the mechanism of chitin synthesis is important from the point of view of C. albicans pathogenicity. It is interesting that a C. albicans chs3 strain had dramatically lower virulence in a mouse infection model (Bulawa et at., 1995) . This strain contained extremely low levels of chitin. There may be a simple correlation between chitin levels and virulence of C. albicans. However, there is a more plausible reason. The cell wall is comprised of a network formed by linkage between mannoprotein via a GPI remnant to 1,6-p-glucan, 1,3-/?-glucan and finally chitin (Chaffin et al., 1998; Kollar et al., ,1995) . Cell wall injury from diminished chitin synthesis may cause a fragile cell wall architecture with a consequent impairment in mannoprotein synthesis. Thus, chitin content may be one of the factors affecting virulence in C. albicans. However, it may be noteworthy that a mutant lacking a functional URA3 gene encoding orotidine 5'-monophosphate (OMP) decarboxylase, in C. albicans is not virulent (Kirsch & Whitney, 1991) . Recently, it has been reported that ura-blaster-mediated C. albicans strains do not reveal a definitive relationship between OMP enzyme activity and virulence (Lay et al., 1998) .
In conclusion, CaCHS4 encodes chitin synthase 4 protein, a regulator of chitin synthesis by Chs3p, and is present in all C. albicans strains examined. When CaCHS4 was expressed in S. cereuisiae by a multi-copy plasmid, it complemented a S. cereuisiae chs4-deficient mutation and dramatically enhanced ScChs3 activity. Therefore, Chs4p contributes to chitin synthesis in combination with Chs3p in an interaction that probably takes place at the cytoplasmic membrane, where both proteins may be localized. The question of how chitin is synthesized inside the cytoplasmic surface and then is extruded to the cell wall still remains to be elucidated. At this point, however, we can say that Chs4p and Chs3p are required to interact as the first step of the chitin biosynthesis.
